Abstract Anti-angiogenic agents targeting brain tumor neovasculature may increase progression-free survival in patients with recurrent malignant gliomas. However, when these patients do recur it is not always apparent as an increase in enhancing tumor volume on MRI, which has been the standard of practice for following patients with brain tumors. Therefore alternative methods are needed to evaluate patients treated with these novel therapies. Furthermore, a method that can also provide useful information for the evaluation of conventional therapies would provide an important advantage for general applicability. Diffusion-weighted magnetic resonance imaging (DWI) has the potential to serve as a valuable biomarker for these purposes. In the current study, we explore the prognostic ability of functional diffusion maps (fDMs), which examine voxel-wise changes in the apparent diffusion coefficient (ADC) over time, applied to regions of fluid-attenuated inversion recovery (FLAIR) abnormalities in patients with malignant glioma, treated with either anti-angiogenic or cytotoxic therapies. Results indicate that the rate of change in fDMs is an early predictor of tumor progression, time to progression and overall survival for both treatments, suggesting the application of fDMs in FLAIR abnormal regions may be a significant advance in brain tumor biomarker technology.
Introduction
The FDA has recently recognized bevacizumab, a humanized monoclonal VEGF-blocking antibody with antiangiogenic properties, as a valuable treatment option for patients with malignant gliomas who have failed traditional cytotoxic therapy. Although this new treatment has shown increased progression-free survival in Phase II clinical trials [1, 2] , standard ways of monitoring patients on these treatments have fallen short. Specifically, evaluation of contrast-enhancing tumor volumes on MRI are no longer routinely reliable due to the effect of these new drugs to decrease contrast agent extravasation with or without effects on tumor biology [3, 4] . For this reason we propose the development and application of a new diffusionimaging based biomarker to quantitatively monitor and predict the impact these drugs have on the malignant tumor cell density and invasion, independent of changes in contrast agent enhancement. Since apparent diffusion coefficient (ADC), a diffusion MRI-based measurement of water motility, is negatively correlated with cell density [5] [6] [7] [8] [9] [10] [11] [12] [13] , we hypothesized that diffusion-weighted MRI (DWI)-based methods, and in particular functional diffusion maps (fDMs) may be useful for studying changes in tumor cell density in response to anti-angiogenic treatments, as well as standard treatments.
The functional diffusion map (fDM) was developed to take advantage of the relationship between ADC measurement and cell density by examining voxel-wise changes in ADC measured in the same patient over time [14] [15] [16] [17] , thereby increasing the sensitivity of detecting subtle changes in cell density. This technique has demonstrated utility in predicting the effect of cytotoxic chemotherapy and radiotherapy within the contrast-enhancing tumor bed [14] [15] [16] [17] ; however it has not been evaluated for use in evaluating anti-angiogenic therapies, nor has it been applied outside the contrast-enhancing tumor. We hypothesize that the rate of change in fDMs is a valuable predictive biomarker for tumor progression and survival in both cytotoxic and anti-angiogenic treatments, making it a flexible imaging biomarker for testing future treatment paradigms.
As previously mentioned, historically, the fDM technique has been used to evaluate the contrast-enhancing tumor regions in response to initial cytotoxic and/or radiotherapies [17] ; however, nearly 40% of glioma patients do not present with contrast-enhancement [18] [19] [20] . Additionally, the administration of steroids [21] [22] [23] or anti-angiogenic agents [4, 24] notably causes a reduction of the contrast-enhancing volume, due to the decrease in vascular permeability. Therefore, the standard approach of using enhancing tumor volumes to monitoring treatment response is often not reliable or even feasible. To overcome these challenges, we hypothesized that the fDM technique would be useful when applied to regions showing FLAIR and/or T2 signal abnormalities, since T2 signal abnormalities are routinely used to define the extent of malignant tumor in both contrast-enhancing and non-enhancing tumors [25] [26] [27] [28] [29] . Pilot study results have suggested this technique is useful for comparison between treatment paradigms [30] and as a tool for long-term clinical monitoring in both enhancing and non-enhancing gliomas [31, 32] .
In the current study, we explore the prognostic ability of fDMs applied to regions of fluid-attenuated inversion recovery (FLAIR) abnormalities in patients with malignant glioma treated with either cytotoxic or anti-angiogenic therapies. Results indicate that the rate of change in fDMs is an early predictor of tumor progression, time to progression and overall survival during both cytotoxic and anti-angiogenic treatments, suggesting the application of fDMs in FLAIR abnormal regions may be a significant advance in brain tumor biomarker technology.
Materials and methods

Subjects
A total of 50 patients with confirmed gliomas were enrolled in the current study. Twenty malignant glioma patients (WHO grade III, n = 4; WHO grade IV, n = 16) were treated with the anti-angiogenic agent bevacizumab (10 mg/kg, I.V. every 2 weeks) after failure of cytotoxic therapy. Bevacizumab was delivered with or without adjuvant chemotherapy (Bevacizumab monotherapy, n = 8; Bevacizumab and Irinotecan, n = 12). Additionally, a total of 30 malignant glioma patients (WHO grade III, n = 21; WHO grade IV, n = 9) were given standard cytotoxic therapy (temozolomide, 100-150 mg/m 2 /day over 5 days per 28 day cycle, for a maximum of 12 cycles) following radiotherapy after initial diagnosis. All patients had routine follow-up imaging and clinical evaluation at intervals ranging from 4 to 8 weeks during treatment, consisting of both clinical MRI (including DWI) and neurological assessment. All patients gave informed written consent according to the guidelines approved by the Institutional Review Board of the Medical College of Wisconsin.
Clinical MRI
Clinical MRI scans included a 3D spoiled gradient recalled (SPGR) anatomical scan, pre-contrast T1-weighted (T1) scan, post-contrast T1-weighted (T1?C) scan, and a fluidattenuated inversion recovery scan (FLAIR) collected on a 1.5-T MR scanner (Signa Excite, CVi, or LX; GE Medical Systems, Milwaukee, WI). The 3D SPGR images were acquired with echo-time (TE)/repetition time (TR) = 3.16 ms/8.39 ms, number of averages (NEX) = 2, slice thickness = 1.3 mm collected contiguously, flip angle = 10°, field-of-view (FOV) = 240 mm, and a matrix size of 256 9 192 (zero-padded and interpolated to 256 9 256) resulting in a total of 123-128 images. Axial pre-and postcontrast T1-weighted images were acquired before and after administration of up to 10 cc gadobenate dimeglumine (Multihance; Bracco Diagnostics Inc., Princeton, NJ) or up to 20 cc of gadodiamine (Omniscan; GE Healthcare Systems) contrast agent with a fast spin-echo (FSE) sequence, TE/TR = 24.16 ms/666.7 ms, NEX = 1, slice thickness of 5 mm with 1.5 mm interslice gap, flip angle = 90°, FOV = 240 mm, and a matrix size of 256 9 192 (zero-padded and interpolated to 256 9 256) resulting in a total of 22-24 images. Axial FLAIR images were collected with a FSE readout, inversion time (TI) = 2,200 ms, TE/TR = 125.2 ms/10,000 ms, NEX = 1, slice thickness of 5 mm with 1.5 mm interslice gap, flip angle = 90°, FOV = 240 mm, and a matrix size of 256 9 224 (reconstructed images were zero-padded and interpolated to 256 9 256) resulting in a total of 22-24 images.
Diffusion MRI
Diffusion weighted images (DWIs) were collected with TE/TR = 102.2 ms/8,000 ms, NEX = 1, slice thickness of 5 mm with 1.5 mm interslice gap, flip angle = 90°, FOV = 240 mm, and a matrix size of 128 9 128 (reconstructed images were zero-padded and interpolated to 256 9 256) using either an EPI or PROPELLER readout. The readout sequence (PROPELLER or EPI) was consistent for each patient across all scan days. DWIs were acquired with b = 0 and 1,000 s/mm 2 , using all gradients applied equally (isotropic). After collecting the images the apparent diffusion coefficient (ADC) maps were calculated from the b = 1,000 s/mm 2 and b = 0 images.
Functional diffusion maps (fDMs)
All images for each patient were registered to their own baseline, post-surgical, pre-chemotherapy or pre-Avastin SPGR anatomical images using a mutual information algorithm and a 12-degree of freedom transformation using FSL (FMRIB, Oxford, UK; http://www.fmrib. ox.ac.uk/fsl/). Fine registration (1-2°and 1-2 voxels) was then performed using a Fourier transform-based, 6-degree of freedom, rigid body registration algorithm [33] followed by visual inspection to ensure adequate alignment. After proper registration was verified, voxelby-voxel subtraction was performed between ADC maps acquired at subsequent time points and the baseline, postsurgical, pre-treatment, ADC maps to create DADC images. Individual voxels were stratified into three categories based on the change in ADC relative to baseline ADC maps. Red voxels represented areas within the tumor where ADC increased beyond the DADC threshold of 0.4 9 10 -3 mm 2 /s (i.e. ''hypocellular'' voxels), blue voxels represented areas within the tumor where ADC decreased beyond the DADC threshold of 0.4 9 10 -3 mm 2 /s (i.e. ''hypercellular'' voxels), and green voxels represented no change in ADC above or below the DADC thresholds listed above. This threshold has been shown to have the highest sensitivity and specificity to progressive disease and is defined as the 95% confidence interval for a mixture of normal-appearing white and gray matter evaluated from post-baseline time points ranging from 1 week to 1 year [34] .
Definition of progressive and stable disease
In order to determine the sensitivity and specificity of changes in fDM parameters to tumor response following treatment, we examined patients receiving either adjuvant temozolomide after concurrent temozolomide and radiotherapy post-surgery, or bevacizumab alone or in combination with irinotecan, after failure of standard treatment consisting of radiotherapy and concurrent temozolomide then 12 cycles of adjuvant temozolomide. Tumor responses were determined by either a board certified radiologist (SDR) and/or neuro-oncologists (MGM, JMC) using the decision tree illustrated in Fig. 1a . Additionally, tumor progression was confirmed by a consensus at our Neuro-Oncology Tumor Board. Since tumor progression during treatment with bevacizumab can occur without changes in contrast-enhancement due to the nature of the treatment (as seen in 70% of bevacizumab patients in the current study), we chose to use a combination of both neurological status (as defined by the Karnofsky Performance Score (KPS) [35, 36] ) and radiographic status (as defined by the Macdonald criteria [37] ) to stratify the tumor response into two categories at each post-treatment time point. Progressing disease (PD) was defined as having a KPS that decreased more than 20 points with respect to the previous exam and/or radiographic progression according to the Macdonald criteria, whereas stable/responding disease (SD/RD) was defined as Fig. 1 Decision trees for determining disease progression and fDM responders. a Decision tree for determining progressive disease (PD) from stable or responding disease (SD/RD), using a combination of both neurological and radiographic status. b Decision tree for determining ''fDM Responders'' and ''fDM Non-responders'' using the first three fDMs. The ''fDM Non-responders'' consisted of patients with two sequential increases in the volume of hypercellularity on fDMs after treatment neurologically and radiographically stable or responding favorably to treatment. Specifically, RD defined as having an increase in KPS of more than 20 points and a decrease in enhancing volume C50% (similar to partial response criteria according to the Macdonald criteria). SD was defined as all other circumstances. It is important to note that a change in abnormal FLAIR signal intensity was typically observed in patients on bevacizumab that progressed without contrast enhancement; however, we did not explicitly use a change in FLAIR signal as a criterion for progression. We also tested whether the daily rate of change in hypercellular volume (rate of change in the volume of voxels having significantly decreased ADC over time, in ll/day) is a sufficiently sensitive and specific biomarker for detecting progressive disease (PD) in patients undergoing either cytotoxic (temozolomide) or anti-angiogenic (bevacizumab) treatment protocols.
Statistical analyses
Receiver-operator characteristic curves were generated using GraphPad Prism version 4.0 to describe the sensitivity and specificity of fDMs to progressive disease, as defined by the decision tree in Fig. 1b . The area under the curve (AUC) was used to determine if the daily rate of change in hypercellular volume (rate of change in volume experiencing a significant decrease in ADC relative to baseline) was predictive of progressing disease in both cytotoxic and anti-angiogenic therapy groups.
A two-way analysis of variance (ANOVA) and Tukey's test for multiple comparisons was used to determine whether the rate of change in hypercellular volume was significantly different between progressive disease (PD) and stable/responding disease (SD/RD), or between treatment paradigms (bevacizumab versus temozolomide). A two-way ANOVA and Tukey's test for multiple comparisons was used to determine whether the ratio of hypercellular volume to abnormal FLAIR volume was significantly different between time points (months from start of treatment) and treatment paradigms (bevacizumab versus temozolomide). A Mann-Whitney test was used to test whether the volume of FLAIR signal abnormality was significantly different between bevacizumab or temozolomide therapy at the time of tumor recurrence. A threeway ANOVA was used to test whether there were significant differences between fDM responders and fDM non-responders for each treatment paradigm (bevacizumab versus temozolomide), or for the time from the start of treatment. Additionally, Log-Rank statistical analysis was performed on Kaplan-Meier data to determine significant differences in overall survival and time-to-progression in patients treated with either bevacizumab or temozolomide, respectively.
Results
Similar to observations in other studies, significantly larger abnormal FLAIR volumes at recurrence were observed in patients treated with bevacizumab compared with patients treated with temozolomide ( Fig. 3a; Mann-Whitney test, P = 0.0001). In many bevacizumab-treated patients who eventually progressed, rapid expansion of FLAIR or contrast enhancement occurred at volume changes much larger than typifies failure of cytotoxic treatment. In contrast to the inadequacy of traditional MR sequences to monitor tumor dynamics during treatment with anti-angiogenic agents, changes in hypercellular volume kinetics during administration of cytotoxic and anti-angiogenic agents often predicted eventual changes in neurological and/or radiographic status. For example, the patient in Fig. 2 received bevacizumab monotherapy and traditional MRI suggested a decrease in FLAIR signal abnormality as well as a sizeable decrease in contrast enhancement (i.e. complete radiographic response according to the Macdonald criteria), Fig. 2 Standard MRI and fDMs in a patient with progressive disease after treatment with bevacizumab. A 47 year-old male with a history of glioblastoma multiforme completed radiotherapy with concurrent temozolomide, followed by adjuvant temozolomide. His tumor recurred radiographically just prior to baseline ADC maps. The patient was then changed to bevacizumab monotherapy, and initially contrast enhancement and FLAIR signal abnormality improved substantially. The patient declined neurologically over 4 months of bevacizumab treatment, despite a positive radiographic response on post-contrast T1-weighted (top row) and FLAIR images (middle row). The patient expired 2 months from the last fDM time-point (6 months after start of bevacizumab treatment). During bevacizumab treatment, fDMs showed a rapid increase in the volume of hypercellularity, indicative of failed treatment despite the patient's rapid neurological deterioration. When fDMs were examined over the same time points, the volume of hypercellularity increased substantially over time, consistent with rapid tumor growth and resulting neurological impairment. Approximately 2 months after the last scan shown in Fig. 2 , the patient died presumably from tumor burden.
Trends in the hypercellular volume kinetics were helpful in following the growth of suspected tumor in all patients and all treatments; however, data extracted from fDMs suggest significant differences in the relative volume of hypercellularity between bevacizumab-treated and temozolomide-treated patients immediately following treatment ( Fig. 3b; two-way ANOVA, P = 0.006 for bevacizumab Fig. 3 fDM characteristics of bevacizumab and temozolomide. a Volume of abnormal FLAIR signal intensity is significantly higher in bevacizumab treated patients compared to temozolomide treated patients at recurrence (Mann-Whitney, P = 0.0001). b Ratio of hypercellular volume to abnormal FLAIR volume in the first the months of treatment suggests a higher volume of hypercellularity in bevacizumab-treated patients (Two-way ANOVA, P = 0.006 for bevacizumab versus temozolomide). This is likely due to the known ''steroid effect'' of bevacizumab, causing a reduction in vasogenic edema and a lower average post-treatment ADC. c Receiver-operator characteristics (ROC) curves showing sensitivity and specificity of fDMs to progressive disease, as defined in Fig. 1a. d The rate of change in hypercellular volume for progressive disease (PD) and stable or responding disease (SD/RD), illustrating a significantly higher rate of increase in hypercellular volume during recurrence on bevacizumab compared with temozolomide (Two-way ANOVA, P \ 0.0001 for bevacizumab versus temozolomide within PD). e Percentage change in hypercellular volume with respect to the volume at recurrence shows two sequential increases in hypercellular volume (arrows) just prior to recurrence. f Stratification of patients as ''fDM Responders'' and ''fDM Non-responders'' in the first 3 months of treatment. Note that e and f illustrate the volume kinetics from fundamentally different perspectives (time of recurrence versus start of treatment) versus temozolomide at 1 month data point). Since the pretreatment ADC map was used as the baseline, these results imply the initial dose of bevacizumab may cause a significant decrease in vasogenic edema, similar to the effect of corticosteroids, artificially reducing the ADC with respect to baseline, resulting in a higher observed cell density due to extracellular water displacement independent of tumor proliferation.
Despite this initial discrepancy in the volume of hypercellularity detected with fDMs between these different treatments, data suggests the rate of change in hypercellular volume may indicate growing tumor burden for both cytotoxic and anti-angiogenic treatments. Receiveroperator characteristic (ROC) analysis (Fig. 3c) suggests that the rate of change in hypercellular volume (i.e. how fast the volume is increasing with respect to the previous Fig. 4 Response on fDMs predicts overall survival (OS) in bevacizumab patients and time to progression (TTP) in temozolomide patients. a OS in bevacizumab patients stratified with respect to tumor grade (Log-Rank, P = 0.7596). b OS in bevacizumab patients stratified with respect to age (Log-Rank, P = 0.0446). c OS in bevacizumab patients stratified by whether they were on bevacizumab alone (monotherapy) or with adjuvant irinotecan (Log-Rank, P = 0.4220). d OS in bevacizumab patient stratified as ''fDM Responders'' or ''fDM Non-responders'' (Log-Rank, P = 0.0008). e TTP in temozolomide patients stratified by tumor grade (Log-Rank, P = 0.6851). f TTP in temozolomide patients stratified with respect to age (Log-Rank, P = 0.0725). g TTP in temozolomide patients stratified as ''fDM Responders'' or ''fDM Non-responders'' (Log-Rank, P = 0.0002) hypercellular volume estimation) is significantly more predictive of PD compared to chance for both cytotoxic (area under ROC curve (AUC) = 0.9361, P \ 0.0001) and anti-angiogenic treatment (AUC = 0.979, P \ 0.0001). In particular, an increase in hypercellular volume of more than 20 ll/day over two sequential imaging time points has 93% sensitivity and 91% specificity for PD in patients treated with bevacizumab; whereas a rate of change in hypercellularity of more than 10 ll/day has 96% sensitivity and 78% specificity for PD in patients treated with temozolomide. Closer examination of the rate of change in hypercellular volume at the time of radiographic or neurological recurrence revealed much higher rates of increase in hypercellular volume in bevacizumab treated patients compared with temozolomide treated patients (Fig. 3d , two-way ANOVA, P \ 0.0001 for bevacizumab versus temozolomide for PD), and two sequential increases in hypercellular volume were typically observed over the 2 months prior to recurrence (Fig. 3e) .
Based on these trends, we hypothesized that patients having two consecutive increases in hypercellular volume at the initiation of treatment are at a greater risk for early recurrence and/or shortened survival, regardless of the therapeutic mechanism. To test this hypothesis and specifically address whether fDMs can predict response to therapy, we empirically defined ''fDM Non-Responders'' as patients with two consecutive increases in hypercellular volume over the first months following the start of treatment and ''fDM Responders'' as patients with at least one decrease in hypercellular volume over the same time period (Fig. 3b, f) . Since patients who are treated with temozolomide typically receive bevacizumab treatment upon recurrence, we chose two separate end points for analysis. We tested the ability of fDMs to predict overall survival in patients treated with bevacizumab and time to progression in patients treated with temozolomide. Results suggest no survival difference between malignant tumor grades in patients treated with bevacizumab ( Fig. 4a ; Log-Rank, P = 0.7596) and no survival difference between patients treated with bevacizumab alone (monotherapy) or with adjuvant irinotecan (Fig. 4c , Log-Rank, P = 0.4220). However, patients over the age of 40, undergoing bevacizumab therapy, had a significantly longer survival compared with patients under the age of 40 (Fig. 4b , LogRank, P = 0.0446). The survival benefit found in older patients treated with bevacizumab was an unexpected finding that has only recently been reported [1] . The fDM response criteria described in Fig. 1b was the strongest predictor of survival in patients treated with bevacizumab, where ''fDM Responders'' had a significantly longer survival compared to ''fDM Non-Responders'' ( Fig. 4d ; LogRank, P = 0.0008). Specifically, a median survival time of 6 months was found for ''fDM Non-Responders'', whereas a median survival time of 16 months was found for ''fDM Responders.'' When examining the response to cytotoxic treatment, results suggested no difference between tumor grades with respect to time to progression in temozolomide-treated patients ( Fig. 4e ; Log-Rank, P = 0.6851). Similarly, results suggested no statistical difference between time to progression when patients were stratified by age (Fig. 4F , Log-Rank, P = 0.0725); however, younger patients appeared to have a slightly longer period of progression free survival compared with older patients. When stratifying patients according to fDM criteria, ''fDM Responders'' had a significantly longer time to progression compared with ''fDM Non-Responders'' ( Fig. 4g ; LogRank, P = 0.0002). These results suggest that fDMs applied to regions of FLAIR abnormality are valuable predictive biomarkers of brain tumor progression.
Discussion
Bevacizumab treatment has been shown to improve progression-free survival, response rate, and overall survival in patients with recurrent glioblastoma [1, 2] ; however, some patients do not respond favorably and eventually all patients recur. Due to the high cost of treatment and unconventional patterns of relapse after failure of bevacizumab [3] , there is a significant need for novel, sensitive imaging biomarkers for early detection of non-responders to anti-angiogenic treatment. Results from the current study suggest that fDMs applied to regions of FLAIR signal abnormality are a useful clinical tool for monitoring both contrast-enhancing and non-enhancing gliomas for patients undergoing both cytotoxic and anti-angiogenic treatment regimens. Furthermore, our data suggests that the new approach of determining the rate of change in hypercellular volume can be used as a predictor of tumor progression, time to progression, and overall survival, regardless of the therapeutic paradigm.
In the current study we observed a significantly larger rate of change in hypercellular volume during tumor progression in bevacizumab-treated patients compared with temozolomide-treated patients. These results support the idea that when tumor progression occurs during treatment with bevacizumab it is often a more infiltrative, aggressive tumor phenotype [4, 24] ; however, it is also likely that this rate difference reflects the different stage of disease between these patient populations, since the patients given bevacizumab have already failed standard treatment. Also in agreement with previous studies [4, 24] , we observed a significantly larger volume of FLAIR signal abnormality for patients undergoing bevacizumab treatment relative to those undergoing standard temozolamide treatment. Both of these observations may be due to the fact that the survival of patients treated with bevacizumab is longer allowing more time for the disease to progress to such stages, or it may represent a biologic escape mechanism that is enhanced in response to bevacizumab treatment.
The strong prognostic ability of fDMs in anti-angiogenic treatment paradigms is partially supported by a recent study showing that standard diffusion MRI can be used as a method of dichotomizing bevacizumab responders from non-responders [38] . Although results from this study were favorable, only the ADC distributions in contrast-enhancing regions were examined. Since nearly 40% of glioma patients do not present with contrast-enhancement [18] [19] [20] , and recurrence after failure of bevacizumab typically results in increased non-enhancing tumor with stable or decreasing enhancing disease [3, 4] , using the ADC histogram within contrast-enhancing tumor regions may only be sufficient for glioblastoma patients. Since fDMs also utilize standard diffusion MR images, the use of fDMs within regions of FLAIR signal abnormalities may offer a more robust and inclusive biomarker compared with the ADC histogram technique, particularly in grade III tumors that often lack contrast enhancement.
Technical and clinical considerations
Although the fDM approach is fairly straightforward, a few technical and clinical considerations should be addressed. First, proper alignment of serial diffusion MR images to the baseline images is critical for accurate fDMs. Significant mass effect from tumor growth or intracranial pressure induced by edema may skew the registration between diffusion MRI datasets. Suspected tumor regions near gyri, sulci, or the ventricles should be considered with caution, since erroneous results in these regions can occur as a result of misregistration. To overcome these challenges, we chose to use two sequential automated registration steps followed by manual inspection. In addition, our experience suggests an additional step of elastic (non-linear) registration is beneficial for the registration of significantly distorted datasets, such as the ART algorithm developed and tested by Ardekani et al. [39] .
Another important aspect of clinical fDM implementation is the proper choice of b-value, or level of diffusion weighting. Per the recommendations of the National Cancer Institute Diffusion MRI Consensus Conference [40] , three or more b-values (0, [100, and [500 s/mm 2 ) should be used for an adequate estimate of ADC that is also perfusioninsensitive (by using at least two b-values [ 100 s/mm 2 ). Additionally, the choice of b-values greater than 1500 s/mm 2 results in a multi-exponential signal decay, where a single estimate of ADC may not be appropriate. Unfortunately, the current study was performed retrospectively and so many of the consensus recommendations could not be implemented.
Use of the terms ''hypercellularity'' and ''hypocellularity'' instead of ''decreasing ADC'' and ''increasing ADC'' in the current study may be misleading, since many pathologies and clinical scenarios can alter ADC measurements. According to our recommendations, clinical translation of the fDM technique to monitor tumor growth should involve integration of interpretations from various specialists to rule out the possibility of confounding factors.
